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ABSTRACT Previous investigations from our laboratory
showed that the genomes of plants, like those of vertebrates,
are mosaics of isochores, i.e., of very long DNA segments that
are compositionally homogeneous and that can be subdivided
into a small number of families characterized by different GC
levels (GC is the mole fraction of guanine + cytosine).
Compositional DNA fractions corresponding to different iso-
chore families were used to investigate, by hybridization with
appropriate probes, the gene distribution in vertebrate ge-
nomes. Here we report such a study on the genome of a plant,
maize. The gene distribution that we found is most striking,
in that almost all genes are present in isochores covering an
extremely narrow (1-2%) GC range and only representing
10-20% of the genome. This gene distribution, which seems to
characterize other Gramineae as well, is remarkably different
from the gene distribution previously found in vertebrate
genomes.

The genomes of vertebrates are made up of isochores (1, 2),
long (>300 kb) DNA segments that are homogeneous in base
composition and that can be subdivided into a small number
of families covering a compositional range, which is broad in
warm-blooded vertebrates and narrow in cold-blooded verte-
brates. The compositional distribution of isochores is reflected
in the DNA fragments (~100 kb long) that derive from them
as a result of the enzymatic and physical degradation accom-
panying DNA preparation and that can be fractionated by
centrifugation in Cs,SO, density gradients in the presence of
sequence-specific ligands. The major interest of this approach
is that it has allowed the definition of genome properties such
as the compositional patterns (e.g., the compositional distri-
butions of DNA fragments; see Results), the compositional
correlations between coding and flanking noncoding sequences,
and above all, the distribution of genes in the genome (1-4).
The same approach has demonstrated that the genomes of
angiosperms also consist of isochores (5-7) and that the
compositional patterns of Gramineae are different from those
of other monocotyledons (monocots) and of the dicotyledons
(dicots) analyzed. At the DNA level, the compositional pat-
terns of the genomes of Gramineae have a higher average mole
fraction of G + C (GC) and are generally wider than those of
the other angiosperms tested (5). At the level of coding
sequences, compositional patterns not only are wider but also
are characterized by an abundance of sequences with a high
GC level in third codon position (GC3) and by biased codon
usage (6). As far as the overall distribution of genes in the
genome is concerned, to our knowledge, no information is
available for plants, even if some features related to such a
distribution have been studied by other authors (ref. 7; see
Discussion). We have investigated this problem for the maize
genome and have discovered that almost all maize genes are
located in isochores covering an extremely narrow (1-2%) GC
range, representing only 10-20% of the genome. This striking
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gene distribution, which seems to be shared by other Gra-
mineae, is very different from those previously found in
vertebrate genomes. We discuss its practical implications.

MATERIALS AND METHODS

DNA Preparations. Maize DNA was obtained from nuclei
prepared as described (8) and derived from leaves of cv.
F7XF2 (Institut National de la Recherche Agronomique,
Versailles, France). The molecular size of DNA fragments
ranged from 50 to 150 kb.

DNA Fractionation. Fractionation was performed by pre-
parative centrifugation of maize DNA in a Cs;SO4 density
gradient containing an AT-specific ligand, 3,6-bis(acetatomer-
curimethyl)-1,4-dioxane (BAMD) (9), as described in ref. 5,
except that the ligand/nucleotide molar ratio (rf) used was
0.10. Fractions from a single preparative centrifugation were
investigated by analytical ultracentrifugation in CsCl density
gradient as described (5, 10), and their relative amounts in total
DNA were assessed. The analytical CsCl profiles of the
fractions indicated a very high molecular weight, as expected
from previous extensive evidence for a lack of degradation of
DNA submitted to the fractionation procedure used.

Maize Gene Data. Data were from GenBank (release 81.0,
March 1994). Coding sequences of multigene families that had
the same GC levels in first, second, and third codon positions
were assumed to correspond to identical genes and were
counted only once. ’

Restriction Endonuclease Digestion, Electrophoresis, and
DNA Filter Hybridization. Aliquots of maize DNA from the
Cs,SO4/BAMD fractions, proportional to the relative
amounts of DNA present in the fractions and corresponding to
20 ug of total DNA, were digested with the restriction endo-
nucleases used by the authors who originally sequenced the .
genes under analysis (see Table 1). This approach allowed the
unambiguous identification of the sequenced genes (primary
structures being needed to obtain GC; values) after electro-
phoresis of the digests on 0.8% agarose gels in TAE buffer
(0.04 M Tris acetate/0.001 M EDTA, pH 8.0), alkaline transfer
onto nylon membranes, and radioactive probe hybridization
(11). In some cases, expressed sequence tags were amplified by
PCR, radioactively labeled, and used as probes. Again the
upper size of restriction fragments, as detected by ethidium
bromide staining, and their yield (for example, see Fig. 2)
indicate high molecular weights of the fractionated DNA.

RESULTS

The human and maize genomes, two genomes of about the
same haploid size (3 X 10° bp), are similar in their composi-
tional patterns. In both, the CsCl profiles (Fig. 1 4 and B) are
broad and cover a similar GC range (30% to 60-70%). The
GC; levels of coding sequences (Fig. 1 A’ and B') are also

Abbreviations: BAMD, 3,6-bis(acetatomercurimethyl)-1,4-dioxane;
GC, mole fraction of guanine + cytosine; GCs, GC level in the third
codon position.

*To whom reprint requests should be addressed.
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Fic. 1. CsCl profile of human DNA (4) is compared with that of maize DNA (B). Both profiles were obtained by centrifuging high molecular
weight (50-150 kb) DNA preparations in a CsCl analytical density gradient. The GC scale of the maize DNA profile was obtained from HPLC
nucleoside analyses (12) of fractions obtained by centrifuging DNA in preparative Cs;SO4 density gradients in the presence of BAMD (9). The
slightly different relationship of the GC scale to the buoyant density scale in 4 and B is due to the fact that the high methylation level of maize
DNA (12) causes a shift of its CsCl profile toward lower buoyant density values. For human DNA, solid, darkly shaded, and lightly shaded areas
correspond to high, medium, and low gene concentrations in the H3, H1+H2, and L1+L2 (namely the GC-poor, GC-rich, and very GC-rich)
isochore families, respectively (for quantitative data, see refs. 3 and 4). For maize, the solid area corresponds to the gene space; zein genes occupy,
however, not only the gene space but also DNA compartments corresponding to the lightly shaded area to its left; the open areas represent genome
regions where no protein-encoding genes were detected. Ribosomal genes were centered at the buoyant densities marked rDNA. The relative
number of genes from human (4’) and maize (B’) are plotted against GC3 of the corresponding coding sequences. The histogram of 2762 human
genes is from GenBank. Maize data are from GenBank and concern 265 genes plus 41 zein genes (shown as shaded bars). The vertical broken lines
correlate the gene distributions (lower frames) with the DNA distributions (upper frames). In maize, such vertical lines only bracket the GCs range

of the genes tested (see Table 1).

similar, in that they show essentially the same very broad range
(25-30% to 97-100%) and are characterized by greater gene
frequencies at higher GC; levels (neglecting a GC-poor sub-
family of zein genes; see below).

In sharp contrast, gene distributions are very different in the
two genomes. In the human genome (Fig. 14), genes are present
in all isochores, which cover the whole GC range, 30%. Gene
concentration is low and constant over the GC-poor isochores of
the L1 + L2 families that form two-thirds of the genome,
increases in the H1 + H2 isochores of intermediate GC levels,
and reaches the highest concentration (at least 20 times higher
than in GC-poor isochores) in the GC-richest family of H3
isochores (1-4), which was called the “genome core.”

In the maize genome (Table 1, Fig. 2, and refs. 5-7 and 26
contain additional examples of gene localization in composi-
tional fractions), all protein-encoding genes tested, except for
some zein genes (see below), were concentrated in a 1% GC
interval that represents about 10% of the genome and that we
will call the gene space (Fig. 1B). The genes probed were
chosen at random, covered almost the whole GC; range of the
maize genes available in gene databanks (Fig. 1B’), were
evenly distributed in terms of GCs, and encoded functionally
different proteins. It should be noted, however, that in Table
1, the modes of the CsCl peaks of the DNA fractions showing

the strongest hybridization intensities were considered to
represent the modes of the distribution of the corresponding
genes. This approximation may lead, however, to an underes-
timate of the gene space, which might, in fact, be between 1%
and 2% GC and correspond to 10-20% of the genome. As for
zein genes, they were found not only in the gene space but also
in GC-poorer compartments reaching buoyant densities as low
as 1.7013 g/cm3 (ref. 7 and unpublished data), this value
probably corresponding to the subfamily of the zein genes that
shows a peak at low GCs, 45% (Fig. 1B'). These GC-poorer
compartments (Fig. 1B’) are characterized by a much lower
gene density than the gene space, since as far as we know, they
only contain a subset of a large gene family. Finally, the GC-rich
ribosomal genes were localized in a GC-rich compartment
(1.7070 g/cm?) that corresponded to a satellite peak in the
Cs,SO4/BAMD preparative density gradient (data not shown).

DISCUSSION

The results presented above deserve several comments.

(i) The gene space may be visualized as a single family of
isochores, in that the GC range of all the iSochores containing
protein-encoding genes (except for some of the zein genes) is
narrower (1-2% GC) than that exhibited by any of the human
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Table 1. Gene location in compositional fractions of maize DNA

Genes DNA fractions

Name GGC; p, g/cm? GC
Zeins From 1.7013 453
to 1.7030 47.2

Fe. Glu. Synth. 372 1.7030 472
ANT1 53.6 1.7030 47.2
NDME* 58.2 1.7032 474
cdc2 kinase 63.6 1.7030 47.2
ADH-17 65.8 1.7030 47.2
POD* 69.8 1.7032 47.4
Sucrose P S 70.2 1.7032 474
Tubulin 70.6 1.7032 474
R-S 78.0 1.7032 474
Knotted 80.2 1.7032 474
Brittle 83.9 1.7034 47.6
PEPcase 84.1 1.7032 474
Wx 92.7 1.7032 474
H4 94.2 1.7032 474
Cab* 94.3 1.7032 474
GAPDH* 96.5 1.7032 474
rbcs 97.0 1.7038 48.1
Chalcone S 98.0 1.7032 47.4
T12672* ¥ 1.7032 474

Fe. Glu. Synth., ferredoxin-dependent glutamate synthase (13);
ANT 1, adenine nucleotide translocator (14); NDME, NADP-
dependent malic enzyme (15); cdc2 Kinase, cdc2 protein kinase (16);
ADH-1, alcohol dehydrogenase (7); POD, pyruvate orthophosphate
dikinase (17); tubulin, a-tubulin (18); sucrose P S, sucrose phosphate
synthase (19); R-S, regulatory gene of maize anthocyanin synthesis
(20); knotted, knotted (21); brittle, brittle-1 (22); PEPcase, phos-
phoenolpyruvate carboxylase (7); Wx, waxy (7); H4, Histone H4 (7);
Cab, light-harvesting chlorophyll a/b binding protein (23); GAPDH,
glyceraldehyde-3-phosphate dehydrogenase (24); rbcs, ribulose-1,5-
biphosphate carboxylase; chalcone S, chalcone synthase (7); T12672,
unknown function (C. Baysdorfer, 1993, personal communication to
the Maize Genetic Database). GC; is the average GC level in third
codon positions. The buoyant density indicated is that of the fraction
showing the highest hybridization intensity. Values from ref. 7 are in
italic type. Other values are from the present work. GC values were
calculated from buoyant density values by using the equation GC(%)
= [1102 X p(g/cm?)] — 1829.5, which is derived from the data of ref.
12. Zein genes were detected with the pML1 (25) probe (GC; =
46.4%). :
*Expressed sequence tag probes (GenBank release 87.0, February

1995).

TThe buoyant density value for ADH1 quoted in table 1 of ref. 7, 1.7018
g/cm?, was wrong. The correct value 1.7030 g/cm3 can be deduced
from figure 2B of ref. 7 and figure 2B of ref. 5.

fPartial sequence.

isochore families. The fact that introns of maize genes are both
scarce and short could contribute to the compactness of the
gene space. All other isochores (with the exception of those
containing some of the zein genes and ribosomal genes) appear
to correspond to gene-empty space. This situation is strikingly
different from that found in the human genome, where genes
are spread over all isochores, which cover a broad GC range,
30% (see Fig. 14).

(i) Even though the gene sample tested contained only 21
genes, these were chosen at random, covered almost the whole
range of GC; values of maize genes, and encoded functionally
different proteins. In other words, the sample used should be
a representative one, and the conclusions drawn from it can be
extrapolated to other maize genes. It should be noted that the
21 probes tested detected not only the specific genes from
which they were derived but also related genes from the same
families (see, for example, Fig. 2). These related genes, for
which we do not have sequence information, were also located
in the gene space. In other words, many more than 21 genes
were located in the gene space studied with the 21 probes.

Proc. Natl. Acad. Sci. USA 92 (1995) 11059
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FiG. 2. Southern blot analysis showing the location of adenine
nucleotide translocator (ANT) genes in compositional fractions from
maize degraded by EcoRI. Arrows indicate hybridization bands.
Lanes: P, the (GC-poorest) pellet fraction; 1-13, fractions. The ANT
gene probe detected two copies of the gene: the first (bands at 5.7 and
7.4 kb) was mainly localized in fraction 5 and corresponds to the
described sequence (ref. 14 and A. Baker, B. Winning, and C.]J.
Leaver, personal communication); the second (band at 5.2 kb) in
fractions 4 and 5 corresponds to another gene from the same family.
The buoyant densities of fractions 4, 5, and 6 were 1.7024, 1.7030, and
1.7035 g/cm3, respectively.

(iif) The finding that most maize genes are concentrated in
a gene space representing 10-20% of the genome and covering
an extremely small GC range indicates that most families of
repeated sequences are located outside the gene space. Indeed,
repeated sequences form at least 80% of the maize genome
(27, 28), as opposed to 30% in the human genome, and cannot
physically fit into the gene space, which only represents
10-20% of the genome, even though the latter is known to
contain some particular sets of repeated sequences in its
intergenic regions (see point iv below). In this connection, it is
of interest to recall that, based on DNA-DNA reassociation
kinetics, unique sequences tend to be associated with middle
repetitive sequences, whereas highly repetitive and middle
repetitive sequences are intermixed (28) and that repetitive
elements were found to be spatially separated from single copy
sequences in a 280-kb region surrounding the ADH-1 locus
(29).

(iv) The gene space in the maize genome appears to
correspond to the only genome compartments in which certain
mobile sequences can be transposed. For instance, Mu (mu-
tator), Ac (activator), and the majority of Cin4 elements are
exclusively located in the same class of isochores as the ADH-1
gene (30), i.e. within the gene space. Maize transposable
elements appear, therefore, to be located in gene-rich tran-
scriptionally active isochores. Interestingly, this is in agreement
with previous observations on transcribed proviral sequences
that also integrate into transcriptionally active regions of
mammalian genomes (31) and suggests a correlation between
integration and transcriptional activity.

(v) The results presented here for the maize genome should
be also largely valid for the genomes of other cereals, as
suggested by the existence of large regions of collinearity
among these genomes, as revealed by genetic linkage mapping
(32); intergeneric sexual hybridization experiments (32); ho-
mology between coding sequences (6); similarities of isochore
patterns (12); and results obtained for wheat (7). In the latter
case, hybridization of all of the gene probes tested (histone H3;
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rbes, ribulose-1,5-biphosphate carboxylase; Cab, chlorophyll-
a/b binding protein; a-amylase) on wheat fractions yielded
results essentially identical to those obtained on maize frac-
tions (7). Similar conclusions can be drawn from hybridization
experiments (unpublished data) using maize gene probes.
Moreover, probes for genes of storage proteins (high molec-
ular weight glutenin; «,B-gliadin) hybridized to fractions ex-
hibiting slightly lower buoyant densities than other genes (5, 7),
as was the case with zein genes in maize.

(vi) The gene space consists of a number of small compo-
sitional compartments located on all chromosomes, as judged
from the known chromosomal location of maize genes (33).
Most of the loci tested in wheat physically map in the distal
region of the chromosomes (34), where most of recombination
also occurs (34, 35). In contrast, the pericentromeric region of
a rye chromosome (36) shows a reduced density in unmethy-
lated Not I sites, which are indicative of CpG islands associated
with genes (37-39). Interestingly, the high gene concentrations
and the high recombination levels detected in telomeric re-
gions of the wheat genome are reminiscent of similar findings
on the human genome (40, 41) and may reflect a widespread
situation.

In conclusion, the maize genome (and probably the genomes
of other Gramineae as well) exhibits a very striking gene
distribution with almost all genes present in 10-20% of the
genome and in a narrow GC range (1-2%). This finding, which
was obtained in an overall analysis of the maize genome, fits
with previous findings concerning the extremely large amounts
of repetitive sequences (27, 28) and their distribution (28, 29)
with the high gene concentration near telomeres (34) and with
CpG island maps of genome regions (36). From a practical
point of view, the use of DNA fractions corresponding to the
gene space should facilitate physical and genetic mapping of
the maize genome and of other genomes from Gramineae, as
the use of the gene-richest compartments did for the human
genome (42).
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